ABSTRACT Cell movements during lens development and differentiation involve dynamic regulation of cell-matrix and cell-cell adhesion. How these processes are regulated depends on the particular array of matrix components and adhesion proteins that are expressed, as well as the signaling pathways that affect them. This review examines what is known about adhesion proteins and their regulation in the lens in light of recent findings about the mechanism of cell migration. The characteristic shape and organization of the lens depends on highly regulated cell movements during development and differentiation. Epithelial cells at the equator migrate posteriorly, bringing them into contact with factors in the vitreous humor and initiating differentiation. Elongation of the differentiating fiber cells is coupled with directed migration, posteriorly along the capsule and anteriorly along the fiber cell-epithelial interface, to generate a symmetrically organized fiber cell mass with aligned suture planes. To make these movements, cells systematically create and dissolve cell-cell and cell-matrix adhesions, form connections between these adhesions and the cytoskeleton, and generate contractile force. Since errors in cell migration may lead to aberrant lens shape or misplacement of the lens sutures, precise regulation of each step is essential for the optical quality of the lens. Recent advances in cellular developmental biology have begun to shed light on the molecular mechanisms underlying cell movements and the changes in adhesion that make them possible. This review will summarize those findings and relate them to relevant studies of the lens to provide an outline of the cellular events that lead to lens morphogenesis.
Introduction
The characteristic shape and organization of the lens depends on highly regulated cell movements during development and differentiation (Piatigorsky, 1981) . Epithelial cells at the equator migrate posteriorly, bringing them into contact with factors in the vitreous humor and initiating differentiation. Elongation of the differentiating fiber cells is coupled with directed migration, posteriorly along the capsule and anteriorly along the fiber cell-epithelial interface, to generate a symmetrically organized fiber cell mass with aligned suture planes (Fig. 1) . To make these movements, cells systematically create and dissolve cell-cell and cell-matrix adhesions, form connections between these adhesions and the cytoskeleton, and generate contractile force. Since errors in cell migration may lead to aberrant lens shape or misplacement of the lens sutures, precise regulation of each step is essential for the optical quality of the lens (Kuszak et al., 1994) . Recent advances in cellular developmental biology have begun to shed light on the molecular mechanisms underlying cell movements and the changes in adhesion that make them possible. This review will summarize those findings and relate them to relevant studies of the lens to provide an outline of the cellular events that lead to lens morphogenesis. Because of journal space restrictions, many relevant references could not be cited. Where possible, citations refer to key articles or to review articles with more comprehensive bibliographies.
A brief summary of cell migration
Studies of migrating fibroblasts have shown that migration involves several distinguishable steps, which include extension, attachment to the substratum, forward displacement of the nucleus and cytoplasmic contents, detachment from the substratum at the trailing edge, followed by retraction of the tail ( Holly et al., 2000; Etienne-Manneville and Hall, 2002) . The extension of a lamellipodium or filopodium at the leading edge is driven by polymerization of actin filaments and is regulated by actin capping proteins (Allen, 2003; Fischer et al., 2003) and small G-proteins of the Rho-family (Etienne-Manneville and Hall, 2002) . Once an extension has been formed, integrins on the ventral surface bind to extracellular matrix components to form weak attachments. These contacts are rapidly strengthened by the clustering of integrins in the membrane and the attachment of a variety of signaling and scaffolding proteins to the cytoplasmic domain of the integrins and integrin associated proteins, forming a focal contact. Proteins that bind directly to filamentous actin, such as talin, tensin, and α-actinin, are recruited to these contacts, providing a link between the extracellular matrix and the actin cytoskeleton. Displacement of the nucleus and cytoplasmic contents then occurs by myosin-dependent contraction of the actin cytoskeleton against these attachments. Finally, local disassembly of focal adhesions at the trailing edge of the cell releases the cell from the substratum and the trailing uropod is retracted into the cell body. While selective polymerization, depolymerization, and contraction of the actin cytoskeleton underlie all these cell movements, a high degree of spatial and temporal organization is also required to yield directed cell movement. Microtubules have been shown to play a role in this organization, possibly by directing the flow of membrane components and regulatory enzymes into the leading or trailing edges. It is also important to note that the relationship between adhesion and migration is biphasic (Holly et al., 2000) .
That is, the highest rate of migration occurs at intermediate adhesive strength. Very high adhesive strength hampers migration by inhibiting detachment, but very low adhesive strength may also result in slower migration by failing to provide the necessary traction. Clearly, coordination of the various events involved in migration is essential for efficient, directed migration.
Although epithelial cell migration differs in several important respects from the picture derived from studies of fibroblasts, the molecular mechanisms may yet be similar. One important characteristic of epithelial cells not seen in fibroblasts is the ability to migrate as an intact sheet, rather than as individual cells. This is a biologically significant feature, which preserves the barrier function of the epithelium. Nevertheless, migrating epithelial cell sheets exhibit some characteristics of migrating fibroblasts. As in migrating fibroblasts, cells along the leading edge form lamellipodia and generate force. Moreover, as in fibroblasts, these processes are driven by actin polymerization under control of the Rho-family GTPase, Rac (Fenteany et al., 2000) . Interestingly, cells distal to the leading edge also generate force and have sites that promote Rac-dependent actin filament assembly, although they do not appear to form lamellipodia (Fenteany, 2000 . Actin fibrils perpendicular to the leading edge of the migrating epithelial cell sheet seem to connect a number of cells, and may generate the contractile force necessary to pull the epithelial sheet in the direction of movement (Fenteany et al., 2000) . This may be analogous to the myosin-dependent contraction in fibroblasts which serves to move the cytoplasmic contents and retract the uropod. In addition, some epithelia also have a uniquely epithelial structure referred to as a "purse-string". The purse-string is a continuous actin bundle parallel to the migrating cell front, which surrounds the wound when the epithelium is wounded. In some cases, contraction of this actin bundle may contribute to cell migration by exerting contractile force on the cells. Finally, although epithelial cells do not form focal adhesions of the type observed in fibroblasts, many of the proteins that contribute to focal adhesion complexes in fibroblasts are also involved in epithelial cellsubstrate attachment.
Lens extracellular matrix
The ability of a cell to recognize and interact with specific ECM components is a fundamental requirement of cell migration. Alterations in ECM composition that interfere with these interactions can lead to defects in migration that alter tissue morphogenesis and the state of differentiation (Juliano and Haskill, 1993) . In the lens, the ECM is represented by the lens capsule, which is primarily composed of collagen IV, laminin, and fibronectin (Cammarata et al., 1986) . As might be expected, lens epithelial cells in culture attach and spread well on these substrates, providing direct evidence that they recognize and bind these components ( Oharazawa et al., 1999; Negash et al., 2002) (Fig.   2 ). However, these are by no means the only components of the capsule. The capsule also contains a number of glycoproteins and proteoglycans, including SPARC (Yan et al., 2000) , tenascin (Menko et al., 1998) , entactin (Cammarata et al., 1986) , perlecan (Dong et al., 2002b) , thrombospondin-1 (Hiscott et al., 1996; Tucker et al., 1997) and bamacan (Hawse et al., 2003) . Although these proteins are not major structural components of the capsule, they may have important functions and in some instances their absence leads to gross structural abnormalities of the lens.
Homozygous deletion of the gene for the glycoprotein, SPARC (also called osteonectin or BM-40), demonstrates the critical importance of certain extracellular matrix glycoproteins for lens development. SPARC is a calcium binding protein involved in organization of collagen IV. It also binds to a range of other capsule components, such as thrombospondin-I, tenascin, and osteopontin (Lane and Sage, 1994) . Homozygous deletion of Immunostaining for Cdk5, a kinase that regulates cell adhesion and migration (Negash et al., 2002; Gao et al., 2004) illustrates regions of active cell migration in the mouse lens. At the lens equator (double arrow), epithelial cells migrate posteriorly and begin to elongate to form fiber cells. Elongating fiber cells then extend both anteriorly, along the epithelial-fiber interface, and posteriorly, along the capsule. Like many proteins involved in cell adhesion and migration, Cdk5 is most concentrated in the tips of elongating fiber cells. Scale bar, 250 µm.
its obligate partner, αv (Menko and Walker, 2004) . It is not yet clear whether the integrins found in the chicken lens are also the major integrins in mammalian lenses. At present, several investigators have found β1 integrin in human lenses (NEIBank; http://neibank.nei.nih.gov/) ( Duncan et al., 2000; Chauhan et al., 2002; Mathew et al., 2003) . In addition, integrins α2,3, and 5 have been found in human lens material (Duncan et al., 2000; Mathew et al., 2003) and α6A integrin has been reported in the mouse lens (Yoshino et al., 2001 ).
An interesting switch in α6 isoform expression is associated with fiber cell differentiation in the embryonic chick lens, with α6B being the predominant form in the epithelial cells and α6A the major form in the fiber cells (Walker and Menko, 1999) . The two α6 subunits differ by 18 amino acids in the cytoplasmic domain, suggesting that they may be regulated differently or participate in different signaling pathways (Hogervorst et al., 1991) . In addition, an uncleaved form of α6 integrin becomes progressively more SPARC causes structural abnormalities in the lens capsule posterior to the bow region, accompanied by severe age-onset cataracts and disruption of the lens (Gilmour et al., 1998; Bassuk et al., 1999) . One of the earliest abnormalities observed in the lenses of these animals is an apparent inability of the fiber cells to elongate posteriorly (Bassuk et al., 1999) . Since in vitro studies have associated SPARC with disassembly of focal adhesions and loss of cell-matrix adhesion (Lane and Sage, 1994; MurphyUllrich et al., 1995) it is possible that this elongation defect may result from an inability of fiber cells to carry out the dissociation step required for migration. Interestingly, SPARC also inhibits the proliferation of some cell types, by a mechanism that is independent of its anti-adhesive properties (Murphy-Ullrich et al., 1995) . Since cell proliferation in lenses of SPARC -/-mice does not seem to be abnormal, SPARC may not exert an anti-proliferative effect on lens epithelial cells. However, this question has not been examined directly.
Another glycoprotein component of the lens capsule that seems to be important for proper fiber cell elongation is entactin-1 (nidogen). Entactin has been shown to bind to laminin and collagen IV, and is thought to form a stabilizing bridge between them (Timpl and Brown, 1996) . Like SPARC, entactin also binds other matrix components, such as fibronectin (Hsieh et al., 1994) and perlecan (Kvansakul et al., 2001 ). Mice deficient for entactin have structural defects in the posterior lens capsule. Rather than migrating evenly along the inner surface of the capsule, elongating fibers form protrusions into the matrix and fail to form the posterior suture (Dong et al., 2002a) . Cells attach to entactin-1 via α3β1 and αvβ3 integrins on their surfaces (Dong et al., 1995) .
One additional capsule component that has attracted attention recently is bamacan. Bamacan is a secreted condroitin sulfate proteoglycan found in most basement membranes. Interestingly, the core protein also has intracellular roles in DNA repair and in stabilizing sister chromatid separation during mitosis. Increases in beta-catenin transcriptional activity can lead to overexpression of bamecan, a common feature of certain human cancers (Ghiselli and Iozzo, 2000) and bamecan overexpression is sufficient to cause cell transformation in fibroblasts (Ghiselli and Iozzo, 2000) . Bamacan's importance in the lens is implied by recent evidence indicating that it is upregulated in human age-related cataracts (Hawse et al., 2003) . It will be particularly interesting to determine whether this leads to an increase in the intracellular or extracellular form of the protein.
Expression of integrins
Attachment to the extracellular matrix depends on the presence of membrane-spanning integrins which bind extracellularly to ECM components and intracellularly to cytoskeletal components and signal transduction proteins. Integrin-mediated signals transmit information from the ECM which can affect survival, proliferation, and differentiation of the cell (outside-in signaling). Conversely, signals originating inside the cell may be transmitted via integrins to alter adhesion to the extracellular matrix (inside-out signaling), thus affecting cell migration. In the embryonic chicken lens, the primary integrins are α3β1, a fibronectin receptor, and α6β1, a laminin receptor (Menko et al., 1998) . Integrin β3 is also expressed in the embryonic chicken lens (Walker et al., 2002b) , along with Adhesion is strengthened by attachment to the cytoskeleton, an enzymatic process requiring incubation at 37ºC. Actin staining shows that actin polymerization has occurred and cortical F-actin has been assembled (arrow in B). Cells begin to spread and vinculin accumulates. (C,F) Incubation for 2 h, 37ºC. Cells are tightly attached, highly spread, and actin is organized into stress fibers (arrow in C). Numerous focal adhesion plaques have formed along the cell periphery (arrow in F). Scale bar, 25 µm.
A D B E C F
abundant as lens epithelial cells differentiate into lens fibers (Walker et al., 2002a) . Although this form is not endoproteolytically processed, it is expressed at the cell surface and associates with signaling molecules such as Shc and Grb2 (Walker et al., 2002a) .
The localization of integrins in the lens is somewhat unusual, since β1 integrin has been detected on the apical membrane surface along the epithelial-fiber interface, as well as on the basolateral membranes (Menko and Philp, 1995) . This contrasts with the expression pattern seen in other epithelial tissues, where tight junctions at apical cell-cell boundaries restrict integrin expression to the basolateral membrane (Menko and Philp, 1995) . This unusual feature of lens fiber cells may enable the anterior tips of elongating fiber cells to form attachments and migrate along the epithelial cells at the epithelial-fiber interface. The extracellular ligand for integrins at this interface remains a mystery, however, since there are no reports of extracellular matrix expression in this region.
Calcium in lens epithelial cell migration
Calcium plays a major role in regulating cell migration in many cell types. Growth factors and other signals that induce cell migration often produce regular oscillations in cytoplasmic calcium concentration, which have been shown to modulate the rate of migration (Komuro and Rakic, 1996) . Each successive wave of elevated calcium concentration is correlated with the disassembly of focal adhesions, which are then reformed when calcium concentrations decline (Giannone et al., 2002) . In the lens, physiological concentrations of EGF, PDGF, and other agents induce calcium oscillations, particularly in the equatorial epithelium, where cells proliferate and migrate prior to differentiation (Churchill and Louis, 1999; Collison and Duncan, 2001 ). Moreover, the high degree of intracellular coupling in the lens (Kuszak et al., 1985) leads to coupling of these calcium oscillations (Churchill and Louis, 1999; Collison and Duncan, 2001) , providing a possible mechanism for coordinating the movement of the epithelial cell sheet as a whole. Calcium stores in the endoplasmic reticulum seem to be sufficient for maintaining calcium oscillations in the lens, since oscillations continue even in the absence of extracellular calcium (Williams et al., 2001) . Since this organelle remains intact in the differentiating fiber cells until elongation is complete (Bassnett, 1995) , it is potentially able to sustain calcium oscillations throughout the elongation process.
Calcium waves can be initiated by the action of inositol (1,4,5) triphosphate (IP3), the product of phospholipase C dependent degradation of the polyphosphoinositide, PI(4,5)P2 (Taylor, 2002) or by cyclic ADP-ribose (Churchill and Louis, 1998) , which is synthesized by the membrane spanning glycoprotein, ADP-ribosyl cyclase (also called CD38). Both phospholipase C (Vivekanandan and Lou, 1989) and ADP-ribosyl cyclase (Khoo and Chang, 1999) are expressed in lens. Moreover, lens phospholipase C is activated by growth factors that initiate calcium waves, such as EGF and PDGF (Vivekanandan and Lou, 1989) . Although the physiological role of ADP-ribosyl cyclase in the lens is not yet clear, a growing body of evidence suggests that cyclic ADP-ribose may be a second messenger downstream of G-protein coupled receptors (Higashida et al., 2001 ).
Since calcium concentrations above 1µM can uncouple cells by closing gap junctions (Crow et al., 1994) it is important to note that the intracellular calcium oscillations produced by physiological concentrations of growth factors do not elevate intracellular calcium concentrations above about 500nM . Consistent with this observation, physiological concentrations of EGF activate PKCα and PKCβ in lens epithelial cells, but do not activate PKCγ (Seth et al., 2001) , the isoform that regulates gap junction closure (Lin et al., 2003) . Since higher concentrations of calcium may damage lens cells by activating proteases such as the lens-specific calpain, Lp82 (Shearer et al., 1998) , closure of gap junctions protects the epithelial cell sheet by isolating damaged cells with excessive calcium concentrations. While it is important to maintain cytoplasmic calcium below 1µM, some minimum calcium concentration is necessary for cell-tomatrix adhesion, since chelation of intracellular calcium by BAPTA-AM and EGTA has been shown to prevent attachment of integrins to the cytoskeleton in an epithelial cell line (Nebe et al., 1996) .
Calcium exerts its effects on cell migration in numerous ways (Fig. 3) . Increases in calcium concentration promote the activity of myosin light chain kinase (MLCK), a calcium/calmodulin dependent enzyme that stimulates myosin-dependent contraction of the cytoskeleton by phosphorylating the regulatory myosin light chain (Ikebe et al., 1986) (Fig. 3) . Calcium also leads to the activation of PKCα, which promotes turnover and recycling of integrins by phosphorylating ezrin (Ng et al., 2001) , an actin binding ERM protein, which is expressed in the lens (Bagchi et al., 2004) . Finally, calcium elevation has been shown to increase autophosphorylation of focal adhesion kinase (FAK) at Y397 (Giannone et al., 2002) , which in turn recruits activated Src (Schaller et al., 1994 ) and leads to focal adhesion disassembly (Frame et al., 2002) .
Recent studies suggest that Src activation induces focal adhesion disassembly by promoting formation of a complex containing FAK, Erk1/2 and calpain 2 at the focal adhesion (Carragher et al., 2003) . Erk1/2 in turn phosphorylates calpain 2, increasing its proteolytic activity. Once activated, calpain 2 cleaves FAK, leading to disassembly of the focal adhesion (Carragher et al., 2003) (Fig. 3) . Interestingly, Erk1/2 (Walker et al., 2002b) , FAK (Weber and Menko, 2003) , and calpain 2 (Reed et al., 2003) all seem to have a similar localization pattern along the membranes of elongating lens fiber cells, raising the possibility that the migration of elongating lens fiber cells along the capsule and along the epithelial-fiber interface may also proceed by a mechanism involving FAK, Erk, and calpain.
Recruitment of active Src to focal adhesions also affects migration by regulating the activity of the small GTP-ases, Rho and Rac (Frame et al., 2002) . These G-proteins are known to regulate cell movements through their effects on the actin cytoskeleton (Etienne-Manneville and Hall, 2002) . For example, Rho kinase, a downstream effector of Rho, regulates myosin light chain, leading ultimately to the activation of myosin ATPase activity and the contraction of the actin cytoskeleton (Fukata et al., 2001; Katoh et al., 2001) . Src-dependent phosphorylation of the Rho-specific GTPase activating protein, p190 RhoGAP, leads to inactivation of Rho (Arthur and Burridge, 2001; Brouns et al., 2001) , downregulating the contraction phase of cell migration (Fig. 3) . In addition, Src-dependent phosphorylation of the adaptor protein, p130Cas, couples integrin-dependent adhesion to activation of Rac (Klemke et al., 1998) . This, in turn, releases cortactin, an actin-binding protein that mediates the stimulation of actin polymerization by the Arp2/3 complex, thus initiating lamellipodial extension (Vidal et al., 2002) . Rac activation also stimulates myosin dependent contraction through activation of the Rac effector, Pak1 (Chew et al., 1998) (Fig. 3) .
It is interesting to note that elevated calcium may both stimulate contraction via MLCK and activation of Rac (Chew et al., 1998) and inhibit contraction via Src-dependent downregulation of Rho (Fukata et al., 2001; Katoh et al., 2001) (Fig. 3) . This apparent contradiction may be resolved by the observation that cytoskeletal contractions in the lamellipodia and in the trailing edge appear to be independently regulated (Chew et al., 1998) . MLCK is specifically targeted to lamellipodial extensions in migrating cells, and does not appear to be involved in retraction of the trailing edge of the cell (Chew et al., 1998) . This observation raises the possibility that calcium-dependent contraction and calciumdependent relaxation may occur in different regions of the cell. Thus, periodic alterations in cytoplasmic calcium concentration have the potential to coordinate regional contractions of the cytoskeleton with actin-driven protrusion of lamellipodia, and focal adhesion turnover (see Fig. 3 ).
In lens epithelial cells, Rho and Rac are activated in response to EGF and bFGF, with a concomitant induction of stress fibers, membrane ruffles, and focal adhesions (Maddala et al., 2003) .
These effects are blocked by specific inhibitors of Rho-family GTPases, demonstrating the involvement of these GTPases in the signaling pathways leading to cytoskeletal rearrangements in the lens (Maddala et al., 2003) . The in vivo importance of Rhofamily small GTPases in the lens has been demonstrated by lensspecific expression of the inhibitor, exoenzymeC3, in transgenic mice (Rao et al., 2002) . Transgenic animals show defects in fiber cell organization, elongation, and differentiation, consistent with a role for these G-proteins in multiple cellular functions, including cell migration and cell-matrix adhesion. Moreover, the Rho isoform, RhoB, is localized along membranes of elongating fiber cells of postnatal mouse lenses, with high concentrations in the basal tips adjacent to the capsule (Maddala et al., 2001 ).
Although the migration of elongating fiber cells along the lens capsule and epithelial-fiber interface differs in some respects from migration of fibroblasts or epithelial cells in culture, the localization of proteins with known functions in cell-matrix adhesion and migration at the tips of elongating fiber cells suggests that the underlying mechanisms may be similar. Several such proteins have been identified in a two-dimensional array at the basal tips of fiber cells, called the basement membrane complex (Bassnett et al., 1999) . This complex, which remains attached to the capsule when the capsule and fiber cells are stripped apart, contains actin, myosin, FAK, MLCK, caldesmon, and paxillin. N-cadherin forms a hexagonal pattern on the capsule surrounding the complex, demarcating the lateral fiber cell membranes. Characteristic focal adhesion proteins that have not been detected in the BMC include alpha-actinin, zyxin, vinculin and talin. However, actin staining in the intact lens indicated that the structure of the basement complex was changed by stripping the capsule from the fiber cells, raising the possibility that some proteins might have been lost during the stripping procedure (Bassnett et al., 1999) . Basal tips of elongating fibers are also rich in β1 and α6 integrins (Menko and Philp, 1995) (Walker and Menko, 1999) , providing a means for connecting integrin-binding proteins in the basement membrane complex, such as paxillin and FAK, to the extracellular matrix (Bassnett et al., 1999) .
Two important actin-binding proteins, tropomodulin and tropomyosin, are also enriched in the basal and apical tips of the fibers . Tropomodulin is an actin capping protein that binds the pointed end of growing actin fibers, limiting their length. Binding of tropomodulin is greatly enhanced by tropomyosin, an actin binding protein that binds along the length of actin fibers, stabilizing them. Tropomodulin is not expressed in cells of the central epithelium of the embryonic chick lens, but can be detected in the cytoplasm of the annular pad cells, Woo et al., 2000) , suggesting that it may have some role in differentiation. In the elongating fiber cells, tropomodulin is localized along the lateral membranes and in discreet foci at the apical and basal tips of the cells, which do not co-localize with F-actin and tropomyosin . When fiber cells are separated from the capsule, these foci remain with the fiber cell tips, in contrast to actin and other components of the basement membrane Fig. 3 . Calcium dependent regulation of cell migration. Multiple pathways are activated by periodic increases in intracellular calcium. Calcium activates MLCK via a calmodulin dependent pathway, leading to myosin light chain phosphorylation and myosin dependent contraction. It also promotes autophosphorylation of FAK, leading to recruitment of active Src to focal adhesions, which in turn downregulates signaling through Rho and stimulates signaling through Rac. The presence of active Src at the focal adhesion also recruits Erk1/2 and calpain 2, leading to FAK cleavage and focal adhesion disassembly, thus reducing cell adhesion. Finally, elevated calcium levels activate PKCα, which promotes migration by regulating the intracellular trafficking of integrins. Red indicates pathways that are stimulated by elevated calcium; blue indicates those that are downregulated. The opposing signals regulating myosin dependent contraction are likely to be targeted to different regions of the cell.
complex, which remain attached to the capsule. Tropomodulin foci disappear from the tips of fiber cells after suture formation, although tropomodulin and other membrane skeleton proteins remain associated with the lateral plasma membranes of fiber cells even within the lens nucleus . Although tropomodulin has not been shown to play a role in cell migration, its ability to regulate actin polymerization and its localization at the tips of differentiating fibers, suggest that it may regulate some aspect of the elongation process.
Another potential regulator of lens cell migration is Cdk5, a proline-directed serine/threonine kinase structurally related to the cyclin-dependent kinases (Meyerson et al., 1992) . Like many proteins involved in adhesion and migration, Cdk5 and its activating protein, p35, are present in high concentrations in the tips of elongating lens fiber cells (Gao et al., 1997; Negash et al., 2002) .
Moreover, a number of proteins with known roles in cell migration are substrates for Cdk5, including c-Src (Kato and Maeda, 1999) , some isoforms of myosin heavy chain (Pato et al., 1996) , FAK (Xie et al., 2003) , and the Rac effector, PAK1 (Nikolic et al., 1998; Banerjee et al., 2002) . Furthermore, overexpression of Cdk5 in cultured lens epithelial cells enhances adhesion to extracellular matrix materials such as collagen IV and fibronectin (Negash et al., 2002) . Cdk5 exerts its positive effect on adhesion in cells that are actively spreading and forming focal adhesions. Prior to focal adhesion formation, Cdk5 overexpression has a slight negative effect on cell-matrix attachment (Negash et al., 2002) . Thus, the ability of Cdk5 to increase adhesion to the extracellular matrix may be due to an increase in the size or stability of focal adhesions. Recent studies with a corneal epithelial cell line demonstrate that Cdk5 limits the recruitment of active Src to the leading edge (Gao et al., 2004) , thus suggesting a mechanism by which it might affect focal adhesion stability.
Summary and future directions
Recent advances in cell biology have led to rapid advances in the understanding of cell migration (Ridley et al., 2003) . Examination of the in vivo expression patterns of extracellular matrix components, integrins, and adhesion proteins in the lens (Table 1) suggests that many of the proteins involved in fibroblast migration will have similar roles in the lens. The lens is surrounded by an elaborated basement membrane composed of collagen IV, laminin, fibronectin (Cammarata et al., 1986 ) and a variety of proteoglycans, which are necessary for proper adhesion and migration. Integrins capable of binding these extracellular matrix proteins are expressed along fiber cell membranes (Menko and Philp, 1995; Menko et al., 1998) . Focal adhesion proteins such as FAK, MLCK, caldesmon, and paxillin, are arranged at the basal tips of elongating fiber cells in an unusual, two-dimensional array referred to as the basement membrane complex (Bassnett et al., 1999) . In addition, many signaling proteins known to regulate aspects of fibroblast migration are also expressed in the lens. The Rho family of small GTPases, which controls actin polymerization during fibroblast migration, seems to regulate cell movements in lens cells as well (Maddala et al., 2001; Maddala et al., 2003) , and agents that block Rho GTPase activity lead to cataract (Rao et al., 2002) . Finally, calcium oscillations, which have been shown to coordinate assembly and disassembly of focal adhesions in fibroblasts ( Komuro and Rakic, 1996; Giannone et al., 2002) , are associated with growth factor stimulation of the lens, especially in the equatorial region, where cell migration is most apparent (Churchill and Louis, 1998; Churchill and Louis, 1999; Collison and Duncan, 2001 ). Thus, the expected cellular adhesion machinery and the signaling pathways that coordinate and regulate its operation are present in the lens and are concentrated in regions of active cell migration.
In addition, cell migration in the developing lens has some unusual features, which may reflect novel molecular mechanisms. One of these is the movement of the anterior tips of fiber cells along the anterior surface of the overlying epithelial cells. Although β1 and α6 integrins are concentrated in the anterior tips of elongating fiber cells (Menko and Philp, 1995; Walker and Menko, 1999) , the extracellular matrix ligands of these integrins have not been detected in this region. Thus, it is not clear how lens fiber cells form the attachments necessary to allow them to migrate along the epithelial-fiber interface. Possibly, the anterior tips of lens fibers form attachments through homotypic interactions involving N-cadherin or IgCAM family of cell adhesion molecules, much as growth cones attach to glial cells during neurite extension (Grumet and Edelman, 1988) . Alternatively, extracellular matrix components may yet be discovered in this region, which may serve as ligands for integrin-dependent attachment. Another unusual feature of lens fiber cell migration is the detachment of the cells from the capsule when elongation is complete. The mechanism underlying this event and the processes that regulate it are clearly important to lens biology, since detachment is highly correlated with subsequent maturation events such as organelle loss, denucleation, and formation of an intercellular macromolecular diffusion pathway (Bassnett and Beebe, 1992; Bassnett, 1995; Bassnett, 1997; Bassnett, 2002; Shestopalov and Bassnett, 2003) . Interestingly, certain general cellular processes, such as mitosis, apoptosis, and transformation, are also associated with detachment from the basement membrane. It is possible that the molecular mechanisms used during these processes have been adapted by differentiating lens fibers to permit the regulated, orderly detachment of cells as they approach the posterior pole. Determining how the general mechanisms of (Timpl and Dziadek, 1986) ; Matrix for cells; Bind glycosamino-Fibronectin (Cammarata et al., 1986) Components glycans, water, nutrients SPARC (Yan et al., 2000) and growth factors. Tenascin (Menko et al., 1998) Entactin (nidogen) (Cammarata et al., 1986) Perlecan (Dong et al., 2002b) ; Bamacan (Hawse et al., 2003) Thrombospondin-1 (Hiscott et al., 1996) ; (Tucker et al., 1997) Integrins Link extracellular matrix α2, α3, α5, α6Α, α6Β (Menko and Philp, 1995) ; to intracellular proteins and β1, β3 (Menko et al., 1998) ; signaling pathways (Walker and Menko, 1999) ; (Duncan et al., 2000) ; (Mathew et al., 2003) ; (Chauhan et al., 2002) ; (Yoshino et al., 2001) Focal Link cytoplasmic domain FAK (Bassnett et al., 1999) ; Adhesion of integrins to cytoskeleton (Weber and Menko, 2003) Components and signaling proteins Paxillin (Bassnett et al., 1999) ; Vinculin (Beebe, 2001 #1339) Caldesmon (Beebe et al., 2001) Talin (Bassnett et al., 1999 ) (Walker and Menko, 1999) cell attachment and migration function in the lens and what specific adaptations have been made to produce the pattern of coordinated cell movements that occur during lens development will be a challenging and exciting area for future research.
